Introduction {#tca13032-sec-0005}
============

Lung cancer is the leading cause of cancer‐related death worldwide. Non‐small cell lung cancer (NSCLC) is one of the most common types of lung cancer, accounting for approximately 80% of all cases. At present, the main treatments for NSCLC are surgical excision, chemotherapy, radiotherapy, targeted molecular therapy, and biological immunotherapy. Among these, EGFR‐targeted therapy for NSCLC is gaining in prominence and has become a research hotspot worldwide.[1](#tca13032-bib-0001){ref-type="ref"}, [2](#tca13032-bib-0002){ref-type="ref"} Osimertinib (AZD9291) is a third‐generation EGFR‐tyrosine kinase inhibitor (TKI) for the treatment of advanced NSCLC and has an obvious effect on *EGFR* mutation (exon 18, 19, 21) and *EGFR* T790M mutation, which is often present in NSCLC patients with acquired EGFR‐TKI resistance.[3](#tca13032-bib-0003){ref-type="ref"}, [4](#tca13032-bib-0004){ref-type="ref"} AZD9291 has effectively prolonged the survival of advanced NSCLC patients, but acquired resistance to AZD9291 is inevitable. Recently, the EGFR C797S mutation has been detected in AZD9291‐resistant NSCLC patients, at an incidence of 17--20%.[5](#tca13032-bib-0005){ref-type="ref"}, [6](#tca13032-bib-0006){ref-type="ref"} Although research of fourth‐generation EGFR‐TKIs for the treatment of EGFR C797S mutation has been conducted, the complex mechanisms of AZD9291 resistance have not been determined, thus the problem of third‐generation EGFR‐TKI (AZD9291) resistance remains. Therefore it is crucial to identify more molecular targets for gene therapy of patients with AZD9291‐resistance.

Circular RNAs (CircRNAs) are a novel class of endogenous noncoding RNAs (ncRNAs) that are mainly formed by RNA splicing of the 5′ end of upstream exon and the 3′ end of downstream exon.[7](#tca13032-bib-0007){ref-type="ref"} Originally, circRNAs were regarded as byproducts of splicing mistakes or gene rearrangements, but accumulating studies have proved that circRNAs may be crucial players in a variety of human tumors.[8](#tca13032-bib-0008){ref-type="ref"}, [9](#tca13032-bib-0009){ref-type="ref"}, [10](#tca13032-bib-0010){ref-type="ref"} circRNAs are currently recognized as one of the most promising new stars in the RNA family. Experts have confirmed that circRNAs can interact with microRNAs (miRNAs) and function as sponges to stop miRNAs from regulating gene expression through a circRNA‐miRNA‐messenger RNA (mRNA) pathway.[11](#tca13032-bib-0011){ref-type="ref"}, [12](#tca13032-bib-0012){ref-type="ref"} CircRNAs are more suitable as tumor biomarkers and provide new ideas for targeted molecular therapy because they are stable, tissue specific, and are competing endogenous RNAs (ceRNAs). CircRNAs such as circ_ITCH,[13](#tca13032-bib-0013){ref-type="ref"} circ_0013958,[14](#tca13032-bib-0014){ref-type="ref"} and circ_100876[15](#tca13032-bib-0015){ref-type="ref"} have been discovered and proven to be closely related to occurrence, development, tumor node metastasis (TNM) staging, pathological grade, and lymph node metastasis in lung cancer. Recent studies of circRNAs in the mechanisms of cancer drug resistance have been limited; related reports were only discovered in gemcitabine‐resistant pancreatic ductal adenocarcinoma and chemotherapeutic drug‐resistant lung, breast, and colon cancer cells.[16](#tca13032-bib-0016){ref-type="ref"}, [17](#tca13032-bib-0017){ref-type="ref"}, [18](#tca13032-bib-0018){ref-type="ref"}, [19](#tca13032-bib-0019){ref-type="ref"} To date, no studies have investigated the association between circRNA profiles in NSCLC with acquired resistance to third‐generation EGFR‐TKIs.

Considering the important role of circRNAs in cancers, we hypothesized that changes in circRNA levels might be associated with AZD9291 resistance in NSCLC. We aimed to analyze the drug resistance mechanism in NSCLC, screen the circRNAs related to drug resistance, and provide an experimental model for overcoming cancer drug resistance in order to find new molecular targets for the therapy of AZD9291‐resistant NSCLC patients and provide a solid foundation and effective tool for targeted drug therapy of lung cancer.

Methods {#tca13032-sec-0006}
=======

Cell culture and main reagents {#tca13032-sec-0007}
------------------------------

H1975 and HCC827 lung adenocarcinoma cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). These cells were cultured in RPMI‐1640 medium supplemented with 10% fetal bovine serum (FBS), 100 μg/mL penicillin, and 100 μg/mL streptomycin. The cultures were maintained in an incubator with 5% CO~2~ at 37°C under standard culture conditions.

Establishment of AZD9291‐resistant H1975 and HCC827 cell lines {#tca13032-sec-0008}
--------------------------------------------------------------

We first established AZD9291‐resistant H1975 and HCC827 cell lines (H1975/AZDR and HCC827/AZDR) by gradually increasing concentrations of AZD9291 for 72 hours with a recovery period between treatments. AZD9291 was dissolved in dimethyl sulfoxide before being added into the complete cell culture medium. A total of 1 × 10^6^ cells/ml of H1975 or HCC827 cells were seeded in a six‐well plate and incubated at 37°C in a 5% CO~2~ incubator in RPMI‐1640 medium containing AZD9291. The initial concentrations of AZD9291 were started with a concentration equal to the half‐maximal inhibitory concentration (IC~50~) of H1975 and HCC827 cells: 93 nM for H1975 and 21 nM for HCC827. After a cycle of AZD9291 treatment, only a small percentage of cells remained. Once cells had resumed normal growth and returned to 80% confluence under the light microscope, the next cycle began. The drug concentration was gradually increased for the next cycle until the H1975 and HCC827 cells could survive and proliferate in a cell culture system containing 10 μM AZD9291. After six months, the H1975/AZDR and HCC827/AZDR cell lines were finally successfully established. The newly established H1975/AZDR and HCC827/AZDR cell lines were maintained in a medium containing 10μM AZD9291, while the parental H1975 and HCC827 cell lines were cultured in drug‐free medium.

Calculation of curve‐fitting half‐maximal inhibitory concentration {#tca13032-sec-0009}
------------------------------------------------------------------

H1975, HCC827, H1975/AZDR, and HCC827/AZDR cell lines were seeded at 1 × 10^4^ cells/well in 96‐well plates, and different concentrations of AZD9291 were added. The concentration gradients of AZD9291 were 0, 0.001, 0.01, 0.1, 1, and 10 uM, respectively; five replicate wells were used for each concentration. Cells were cultured for 72 hours in a humidified incubator containing 5% CO~2~ at 37°C. The absorbance of each well was measured at 490 nm by methyl thiazolyl tetrazolium (MTT) assay and the survival rate (%) was calculated according to the following formula:

Survival rate (%) = mean optical density (OD) of the experimental group/mean OD of the control group × 100.

The drug concentration‐survival curve was drawn with concentration of AZD9291 as the abscissa and survival rate as the vertical axis. IC~50~ was calculated using SPSS version 17.0, and the drug resistance index (RI) was calculated according to the following formula:$$\text{Resistance\ index}\ \left( {RI} \right) = {IC}50\ \text{of\ drug}‐\text{resistant\ cell\ line}/{IC}50\ \text{of\ parent\ cell\ line}.$$

Methyl thiazolyl tetrazolium cell proliferation assay {#tca13032-sec-0010}
-----------------------------------------------------

H1975, HCC827, H1975/AZDR, and HCC827/AZDR cell lines were seeded at 1 × 10^4^ cells/well in 96‐well plates. Five replicate wells were used for each analysis. After the cells were incubated for 1, 2, 3, 4, and 5 days, respectively, the viability of the cells was measured by MTT assay following the kit protocol (CT01; Millipore, Billerica, MA, USA). The growth curve was drawn with time as the abscissa and absorbance value as the vertical axis.

Cell invasion assay {#tca13032-sec-0011}
-------------------

For the invasion assays, we used an 8 μm pore polycarbonate membrane Boyden chamber insert in a Transwell apparatus (Millipore) to measure cell motility. The H1975, HCC827, H1975/AZDR, and HCC827/AZDR cells were treated with trypsin/ethylene‐diamine‐tetraacetic acid solution separately and washed once with serum‐containing RPMI‐1640 medium. A total of 1 × 10^5^ cells in 0.2 ml serum‐free RPMI‐1640 medium were seeded on a Transwell apparatus. Each insert was precoated with 45 μg Matrigel (BD Biosciences, San Jose, CA, USA). The chambers were then incubated for 24 hours at 37°C in a 5% CO~2~ incubator in culture medium with 10% FBS in the bottom chambers. The cells on the upper surface were scraped and washed away, whereas the invaded cells on the lower surface were fixed in 90% precooling methanol for 10 minutes, stained with 0.1% crystal violet for 10 minutes, and then rinsed in phosphate buffered saline and subjected to microscopic inspection. Finally, the invasion values were obtained by counting three fields per membrane. Experiments were independently repeated in triplicate.

RNA Extraction {#tca13032-sec-0012}
--------------

Total RNA was extracted by using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s instructions. RNA quality and concentration were determined from OD260/280 readings using the NanoDrop ND‐1000 spectrophotometer (NanoDrop Technologies, Montchanin, DE, USA) and assessed via 1% gel electrophoresis, respectively.

Microarray data analysis {#tca13032-sec-0013}
------------------------

The total RNA sample was digested with Rnase R (Epicentre Inc., Madison, WI, USA) to eliminate linear RNAs and enrich circular RNAs. Subsequently, each purified RNA sample was amplified and transcribed into complementary RNA (cRNA) by applying a random priming method (Arraystar Super RNA Labeling Kit; Arraystar Inc., Rockville, MD, USA). The labeled cRNAs were then hybridized onto the circRNAs and incubated for 17 hours at 65°C in an Agilent Hybridization Oven (Agilent Technologies, Santa Clara, CA, USA). Finally, the arrays were washed, fixed, and scanned to images using the Agilent Scanner G2505C. Data analysis was performed using Agilent Feature Extraction software version 11.0. Expression data were quantile normalized and processed using the R software limma package. The significant differentially expressed circRNAs between H1975, HCC827, H1975/AZDR, and HCC827/AZDR cell lines were screened through fold change, *P* value, and raw intensity. The required microarray information has been imputed into the Gene Expression Omnibus (serial number: GSE48885).

Annotation and function prediction of circRNA and bioinformatics analysis {#tca13032-sec-0014}
-------------------------------------------------------------------------

Interactions between circRNAs/miRNAs were predicted using Arraystar\'s miRNA target prediction software based on TargetScan and miRanda. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was conducted to evaluate the circRNA attributes in pathways.

Quantitative real‐time PCR (qRT‐PCR) {#tca13032-sec-0015}
------------------------------------

Quantitative real‐time (qRT) PCR was used to validate the microarray data. The total extracted RNAs of the HCC827/AZDR cells were reverse transcribed using a PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa, Dalian, China) according to the manufacturer\'s instructions. The complementary DNA template was amplified by qRT‐PCR using SYBR Premix Ex Taq (TaKaRa) according to the manufacturer\'s instructions. Divergent primers of 5 circRNAs (3 upregulated, 2 downregulated), were screened to design primers. Glyceraldehyde 3‐phosphate dehydrogenase (GAPDH) was used as an internal control. The melting curve was drawn to ensure the specificity of primers. QRT‐PCR reactions and data collection were conducted using the StepOne Plus Real‐Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). The data was normalized to the GAPDH expression level and presented as the average from three experiments. The relative expression was calculated using the 2^−ΔΔCt^ method, where Ct represents the threshold cycle.

Statistical analysis {#tca13032-sec-0016}
--------------------

SPSS version 17.0 was used for data analysis and GraphPad Prism 5.0 for plotting. Wilcoxon matched pairs tests were used to compare the circRNA expression levels in H1975, HCC827, H1975/AZDR, and HCC827/AZDR cell lines. *P* \< 0.05 was considered statistically significant.

Results {#tca13032-sec-0017}
=======

Acquisition of AZD9291‐resistant H1975 and HCC827 cell lines {#tca13032-sec-0018}
------------------------------------------------------------

The AZD9291‐resistant cell line (H1975/AZDR) was established from the parental H1975 cell line by gradually increasing concentrations of AZD9291 from 93 nM to 10 uM for six months. The HCC827/AZDR cell line was established from the parental HCC827 cell line by gradually increasing the concentrations of AZD9291 from 21 nM to 10uM for six months. The IC~50~ values of AZD9291 for H1975 and H1975/AZDR were 93 nM and 3.416 uM, respectively (Fig [1](#tca13032-fig-0001){ref-type="fig"}a). The IC~50~ values of AZD9291 for HCC827 and HCC827/AZDR were 21 nM and 1.567 uM, respectively (Fig [1](#tca13032-fig-0001){ref-type="fig"}b). The resistance indices of H1975/AZDR and HCC827/AZDR cells were 36.73 and 74.62, respectively. The ability of cell proliferation from days 1 to 5 was determined by MTT assay. The proliferation rates of H1975 and H1975/AZDR cells increased sharply until day 4, while the proliferation rate of H1975/AZDR was much lower than H1975 cells (Fig [1](#tca13032-fig-0001){ref-type="fig"}c). The growth rates of HCC827 and HCC827/AZDR cells were accelerated from days 3 to 5, and the growth rate of HCC827/AZDR was much lower than HCC827 cells (Fig [1](#tca13032-fig-0001){ref-type="fig"}d).

![Acquisition of H1975 and HCC827 cells resistant to AZD9291. The drug sensitivity of (**a**) H1975 (![](TCA-10-930-g009.jpg "image")) and H1975/AZDR (![](TCA-10-930-g010.jpg "image")) and (**b**) HCC827 (![](TCA-10-930-g011.jpg "image")) and HCC827/AZDR (![](TCA-10-930-g012.jpg "image")) cells was detected by methyl thiazolyl tetrazolium (MTT) assay. The viability and proliferation of (**c**) H1975 (![](TCA-10-930-g013.jpg "image")) and H1975/AZDR (![](TCA-10-930-g014.jpg "image")) and (**d**) HCC827 (![](TCA-10-930-g015.jpg "image")) and HCC827/AZDR (![](TCA-10-930-g016.jpg "image")) cells was detected by MTT assay. IC~50~, half maximal inhibitory concentration.](TCA-10-930-g001){#tca13032-fig-0001}

Morphologically, we found that H1975/AZDR and HCC827/AZDR exhibited a mesenchymal‐like phenotype, including spindle‐shaped and elongated appearance, loss of cell--cell junctions, and polarity, which was remarkably different from the parental H1975 and HCC827 cells (Fig [2](#tca13032-fig-0002){ref-type="fig"}). These morphological features of H1975/AZDR and HCC827/AZDR indicated promoted cell migration and invasion. We further analyzed the invasion ability of H1975, HCC827, H1975/AZDR, and HCC827/AZDR cells by Transwell cell invasion assay. A significantly higher number of H1975/AZDR and HCC827/AZDR cells traversed the cell‐permeable membrane than H1975 and HCC827 cells (Fig [3](#tca13032-fig-0003){ref-type="fig"}). The invasion ability of H1975/AZDR and HCC827/AZDR cells was significantly enhanced. These morphological and functional changes may suggest that drug‐resistant cell lines were successfully established.

![The morphological differences between AZD9291‐resistant non‐small cell lung cancer (NSCLC) and parental NSCLC cell lines were observed under a light microscope. (**a**) H1975, (**b**) H1975/AZDR, (**c**) HCC827, and (**d**) HCC827/AZDR cells.](TCA-10-930-g002){#tca13032-fig-0002}

![Transwell invasion assay was used to examine the invasion ability of non‐small cell lung cancer (NSCLC) cells. (**a**) A higher number of H1975/AZDR and HCC827/AZDR cells invaded than H1975 and HCC827 cells. (**b**) The invasion ability of H1975/AZDR and HCC827/AZDR cells was significantly enhanced. (\**P* \< 0.05 and \*\**P* \< 0.01 compared to H1975 and HCC827 cells).](TCA-10-930-g003){#tca13032-fig-0003}

Overview of circRNA expression profiles in non‐small cell lung cancer sensitive and resistant cells {#tca13032-sec-0019}
---------------------------------------------------------------------------------------------------

In total, 15 504 circRNAs were differentially expressed between the H1975, HCC827, H1975/AZDR, and HCC827/AZDR cell lines (fold change \[FC\] ≥ 2.0; *P* \< 0.05), including 7966 upregulated and 7538 downregulated circRNAs. A box plot shows the distribution of circRNA intensities in the six samples (Fig [4](#tca13032-fig-0004){ref-type="fig"}a). As shown in Figure [4](#tca13032-fig-0004){ref-type="fig"}a, the distribution of normalized intensities was almost the same in all of the tested samples. The differentially expressed circRNAs between groups were displayed in scatter plots (Fig [4](#tca13032-fig-0004){ref-type="fig"}b). A Volcano plot exhibited statistically significant differences in circRNA expression (Fig. [4](#tca13032-fig-0004){ref-type="fig"}c). A clustered heat map showed upregulation or downregulation of circRNAs (Fig [4](#tca13032-fig-0004){ref-type="fig"}d). The top 10 upregulated and downregulated circRNAs sorted by FC values are summarized in Table [1](#tca13032-tbl-0001){ref-type="table"}. It should be noted that the top five circRNAs were upregulated more than 400‐fold, and three circRNAs were downregulated more than 100‐fold. These circRNAs were located in a variety of genomic locations, including sex chromosomes. Subgroup analysis of the genomic distribution showed that chr7 is the primary region for host genes of differentially expressed circRNAs, representing 8.7% of host genes, followed by 8.26% for chr2, and 7.77% for chr1 (Fig [5](#tca13032-fig-0005){ref-type="fig"}).

![Different expression profiles of circular RNAs (circRNAs) in H1975, HCC827, H1975/AZDR, and HCC827/AZDR cells. (**a**) A box plot was used to assess the distribution of circRNA intensity in H1975, HCC827, H1975/AZDR, and HCC827/AZDR cells. (**b**) A scatter plot revealed microarray data distribution of circRNAs between H1975, HCC827, H1975/AZDR, and HCC827/AZDR cells. The red points show that the circRNAs were upregulated more than two‐fold. The blue points show that the circRNAs were downregulated more than two‐fold. (**c**) A Volcano plot exhibits significantly dysregulated circRNAs in H1975, HCC827, H1975/AZDR, and HCC827/AZDR cells. The horizontal lines represent two‐fold up and down‐expressed circRNAs, while the vertical lines indicate *P* = 0.05. Red and blue squares mark differentially expressed circRNAs in H1975, HCC827, H1975/AZDR, and HCC827/AZDR cells (*P* \< 0.05). (**d**) Unsupervised hierarchical clustering analysis of the significant differentially expressed circRNAs between H1975, HCC827, H1975/AZDR, and HCC827/AZDR cells. Each column represents the expression profile of a sample; each row corresponds to a circRNA. The color scale varies from red to blue: red refers upregulated circRNAs, and blue to downregulated circRNAs.](TCA-10-930-g004){#tca13032-fig-0004}

###### 

The top 10 upregulated and downregulated circRNAs in H1975, HCC827, H1975/AZDR, and HCC827/AZDR cells screened by fold change and P value

  circRNA            *P*        Regulation   FC (abs)   Chrom    Strand  GeneSymbol
  ------------------ ---------- ------------ ---------- ------- -------- ------------
  hsa_circ_0043632   0.000119   up           798.058    chr17      −     KRT17
  hsa_circ_0048856   0.043567   up           682.925    chr19      −     C3
  hsa_circ_0043634   0.016589   up           449.643    chr17      −     KRT17
  hsa_circ_0002130   0.002189   up           446.606    chr19      −     C3
  hsa_circ_0019088   0.009256   up           444.628    chr10      −     ANKRD1
  hsa_circ_0050581   0.039654   down         200.009    chr19      \+    FXYD3
  hsa_circ_0023302   0.031115   down         154.768    chr11      \+    MYEOV
  hsa_circ_0069997   0.032701   down         127.056    chr4       \+    AREG
  hsa_circ_0050580   0.024477   down         92.882     chr19      \+    FXYD3
  hsa_circ_0069996   0.047489   down         64.549     chr4       \+    AREG

circRNA, circular RNA; FC, fold change.

![Genomic distribution of differently expressed circular RNAs (circRNAs) in H1975, HCC827, H1975/AZDR, and HCC827/AZDR cell lines.](TCA-10-930-g005){#tca13032-fig-0005}

Validation of the differentially expressed circRNAs by qRT‐PCR {#tca13032-sec-0020}
--------------------------------------------------------------

The expression variations of circRNAs was compared between qRT‐PCR and microarray analysis results. Three upregulated and two downregulated differentially expressed circRNAs were validated by qRT‐PCR in HCC827 and HCC827/AZDR cells. The qRT‐PCR results of the five tested circRNAs were consistent with the microarray data (Fig [6](#tca13032-fig-0006){ref-type="fig"}). This result suggests that the circRNAs identified by microarray were reliable and worthy of further investigation.

![Validation of microarray data by quantitative reverse transcriptase (RT)‐PCR. Five differentially expressed circular RNAs (circRNAs) were validated by qRT‐PCR. The heights of the columns in the chart represent the mean expression value of log2‐fold changes. ![](TCA-10-930-g017.jpg "image"), Array; ![](TCA-10-930-g018.jpg "image"), PCR.](TCA-10-930-g006){#tca13032-fig-0006}

Prediction of circRNA‐miRNA‐mRNA associations {#tca13032-sec-0021}
---------------------------------------------

Because the functions of circRNAs remain poorly understood and circRNAs can function as miRNA sponges or inhibitors, we predicted the circRNA‐miRNA‐mRNA axis in cancer‐related pathways. We analyzed the microRNA response elements associated with the top dysregulated circRNAs to identify any circRNA‐miRNA connections predicted from TargetScan and miRanda. The targeted miRNAs were ranked according to their mirSVR scores, and the five miRNAs with the highest mirSVR score for each circRNA were identified for further analysis. The targeted miRNAs of three upregulated and two downregulated differentially expressed circRNAs are listed in Table [2](#tca13032-tbl-0002){ref-type="table"}. From Table [2](#tca13032-tbl-0002){ref-type="table"} we can see that hsa_circ_0043632 and hsa_circ_0043634 can bind to the same miR‐6861‐3p, suggesting that different circRNAs may synergistically regulate the activity of specific miRNAs and exert biological roles by indirectly regulating miRNA target genes.

###### 

miRNA binding sites predict upregulated circRNAs

  circRNA            miRNA binding sites                                                                                                                                                                                                                     
  ------------------ --------------------------------------------------------- --------------------------------------------------------- --------------------------------------------------------- --------------------------------------------------------- ---------------------------------------------------------
  hsa_circ_0043632   hsa‐miR‐6861‐3p[†](#tca13032-note-0003){ref-type="fn"}2   hsa‐miR‐492[†](#tca13032-note-0003){ref-type="fn"}2       hsa‐miR‐4743‐5p[†](#tca13032-note-0003){ref-type="fn"}2   hsa‐miR‐6829‐3p[†](#tca13032-note-0003){ref-type="fn"}2   hsa‐miR‐6778‐3p[†](#tca13032-note-0003){ref-type="fn"}2
  hsa_circ_0048856   hsa‐miR‐4279[†](#tca13032-note-0003){ref-type="fn"}2      hsa‐miR‐221‐5p[†](#tca13032-note-0003){ref-type="fn"}2    hsa‐miR‐8073[†](#tca13032-note-0003){ref-type="fn"}2      hsa‐miR‐1256[†](#tca13032-note-0003){ref-type="fn"}2      hsa‐miR‐4691‐5p[†](#tca13032-note-0003){ref-type="fn"}2
  hsa_circ_0043634   hsa‐miR‐4483[†](#tca13032-note-0003){ref-type="fn"}3      hsa‐miR‐1293[†](#tca13032-note-0003){ref-type="fn"}3      hsa‐miR‐6861‐3p[†](#tca13032-note-0003){ref-type="fn"}2   hsa‐miR‐4530[†](#tca13032-note-0003){ref-type="fn"}2      hsa‐miR‐492[†](#tca13032-note-0003){ref-type="fn"}2
  hsa_circ_0050581   hsa‐miR‐6722‐5p[†](#tca13032-note-0003){ref-type="fn"}1   hsa‐miR‐4641[†](#tca13032-note-0003){ref-type="fn"}1      hsa‐miR‐4707‐3p[†](#tca13032-note-0003){ref-type="fn"}1   hsa‐miR‐4258[†](#tca13032-note-0003){ref-type="fn"}1      hsa‐miR‐652‐3p[†](#tca13032-note-0003){ref-type="fn"}1
  hsa_circ_0023302   hsa‐miR‐765[†](#tca13032-note-0003){ref-type="fn"}7       hsa‐miR‐6804‐3p[†](#tca13032-note-0003){ref-type="fn"}6   hsa‐miR‐8085[†](#tca13032-note-0003){ref-type="fn"}5      hsa‐miR‐6731‐5p[†](#tca13032-note-0003){ref-type="fn"}5   hsa‐miR‐6878‐5p[†](#tca13032-note-0003){ref-type="fn"}5

Represents the number of microRNA (miRNA) binding sites. circRNA, circular RNA.

Gene ontology and pathway analyses {#tca13032-sec-0022}
----------------------------------

GO and KEGG pathway analyses were performed for circRNA host genes to evaluate the roles of the differentially expressed circRNAs. Predicted GO terms and pathways with *P* values \< 0.05 were chosen and ranked according to enrichment scores. For the host genes of circRNAs (Fig [7](#tca13032-fig-0007){ref-type="fig"}), the most significantly enriched biological process terms included voluntary musculoskeletal movement, transfer RNA catabolic process, and gene silencing by miRNA. The most significantly enriched cellular component terms were related to DNA replication, RNA induced silencing complex loading, micro‐ribonucleoprotein complex, and RNA modification. The most significantly enriched molecular function terms were linked to DNA replication origin binding, 3′‐5' DNA helicase activity, and DNA topoisomerase activity. The top 30 predicted pathways are shown in Figure [8](#tca13032-fig-0008){ref-type="fig"}. Among these pathways, some are directly linked to cancer pathogenesis, such as the non‐small cell lung cancer, glioma, prostate cancer, and renal cell carcinoma signaling pathways. The p53 signaling, mTOR signaling, ErbB signaling and DNA replication pathways; focal adhesion; cell cycle; and adherens junction play an important role in NSCLC drug resistance.

![The top 30 Gene Ontology (GO) terms from biological process, cellular component, and molecular function. The size of each circle indicates the number of circRNAs in biological process terms. The size of each triangle indicates the number of circRNAs in cellular component terms. The size of each square indicates the number of circRNAs in molecular function terms. The color of the circle, triangle, and square indicates the *P* value.](TCA-10-930-g007){#tca13032-fig-0007}

![Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was conducted to determine the involvement of target genes in different biological pathways. The size of each circle indicates the number of circular RNAs (circRNAs). The color of the circle indicates the *P* value. The larger the circle and the lower the *P* value, the more enriched and meaningful the pathway.](TCA-10-930-g008){#tca13032-fig-0008}

Discussion {#tca13032-sec-0023}
==========

Tumor drug resistance has always been a difficult problem in the clinical treatment of tumors. A large number of studies have attempted to search for drug resistance‐related genes through the expression profiles of drug‐resistant cell lines. One of the most common methods for establishing drug‐resistant cell line models is to gradually increase the drug concentration[16](#tca13032-bib-0016){ref-type="ref"}, [18](#tca13032-bib-0018){ref-type="ref"}, [19](#tca13032-bib-0019){ref-type="ref"}, [20](#tca13032-bib-0020){ref-type="ref"}, [21](#tca13032-bib-0021){ref-type="ref"} or prolong the acting time of a constant concentration of drug,[22](#tca13032-bib-0022){ref-type="ref"} so that drug‐resistant cell lines with reduced drug sensitivity (e.g. IC~50~) are obtained. Mechanisms of drug resistance and drug resistance‐related genes can be studied by comparing genes that are differentially expressed between resistant and parental cell lines. However, there is currently no uniform standard to determine whether the establishment of a drug‐resistant cell line model is successful.

In a previous study, the paclitaxel‐resistant A549 cell line (A549/Taxol) was generated by treating A549 cells with gradually increasing concentrations of paclitaxel for six months.[18](#tca13032-bib-0018){ref-type="ref"} A549/Taxol cells appeared to be spindle‐shaped and elongated, and the IC~50~ value of A549/Taxol was 72.87 times higher than that of the A549.[18](#tca13032-bib-0018){ref-type="ref"} The AZD9291‐resistant cell line PC9/AZDR was established by culturing in gradually increasing concentrations of AZD9291 (from 10 nM to 1 μM) for approximately six months, and the PC9/AZDR cells were also resistant to other EGFR‐TKIs, such as CO1686, afatinib, gefitinib, and erlotinib.[20](#tca13032-bib-0020){ref-type="ref"} The AZD9291‐resistant cell line HCC827/AZDR was generated by selection under increasing gradients of AZD9291 (from 0.02 to 0.16 μM) for six months.[21](#tca13032-bib-0021){ref-type="ref"} The IC~50~ value of HCC827/AZDR cells was 315.8 times higher than that of HCC827 cells. Morphologically, HCC827/AZDR exhibited a mesenchymal‐like phenotype including spindle‐like appearance, loss of cell--cell junctions, and polarity.[21](#tca13032-bib-0021){ref-type="ref"}

In the present study, the AZD9291‐resistant H1975 and HCC827 cell lines (H1975/AZDR and HCC827/AZDR) were induced by gradually increasing the concentrations of AZD9291 from 93 nM to 10 uM for six months. Our H1975/AZDR and HCC827/AZDR cells also revealed a mesenchymal‐like phenotype, such as spindle shape and loss of cell--cell adhesion. The IC~50~ and the invasion ability of H1975/AZDR and HCC827/AZDR cells were significantly enhanced. The proliferation rates of H1975/AZDR and HCC827/AZDR were much lower than H1975 and HCC827, which may be a result of differential expression of some cell cycle regulatory molecules between parental and resistant lines. Further research will be performed to investigate the relevant cell cycle regulatory mechanisms.

CircRNAs were recently identified as novel functional ncRNAs involved in several cancers and can function as potential tumor markers.[23](#tca13032-bib-0023){ref-type="ref"}, [24](#tca13032-bib-0024){ref-type="ref"} CircRNAs, such as circ_ITCH,[13](#tca13032-bib-0013){ref-type="ref"} circ_0013958,[14](#tca13032-bib-0014){ref-type="ref"} circ_100876,[15](#tca13032-bib-0015){ref-type="ref"} and circ_CCDC66[25](#tca13032-bib-0025){ref-type="ref"} have been proven to be closely related to occurrence, development, TNM staging, pathological grade, lymph node metastasis, and drug resistance in lung cancer. Circ_ITCH was significantly decreased in lung cancer tissues and inhibited the proliferation of lung cancer cells by downregulating oncogenic miR‐7 and miR‐214 and enhancing its parental gene, *ITCH*.[13](#tca13032-bib-0013){ref-type="ref"} Upregulation of hsa_circ_0013958 could promote proliferation and invasion and inhibit apoptosis of lung adenocarcinoma through the hsa_circ_0013958/miR‐134/cyclin D1 pathway, and therefore can function as a potential noninvasive biomarker for the early detection and screening of lung adenocarcinoma.[14](#tca13032-bib-0014){ref-type="ref"} CircRNA_100876 is significantly elevated in NSCLC and has a close relationship with lymph node metastasis, tumor staging, and overall survival, and may serve as a potential prognostic biomarker and therapeutic target for NSCLC.[15](#tca13032-bib-0015){ref-type="ref"} CircRNA CCDC66 is highly expressed in EGFR‐resistant H1975 cells and is regulated by HGF/c‐Met to increase epithelial--mesenchymal transition (EMT) and the drug resistance of lung adenocarcinoma cells.[25](#tca13032-bib-0025){ref-type="ref"} Recent studies of circRNA profiles in the mechanism of cancer drug resistance have been limited; related reports were only discovered in gemcitabine‐resistant pancreatic ductal adenocarcinoma and chemotherapeutic drug‐resistant lung, breast, and colon cancer cells.[16](#tca13032-bib-0016){ref-type="ref"}, [17](#tca13032-bib-0017){ref-type="ref"}, [18](#tca13032-bib-0018){ref-type="ref"}, [19](#tca13032-bib-0019){ref-type="ref"} To date, no studies have investigated circRNA profiles in NSCLC with acquired resistance to third‐generation EGFR‐TKIs.

In the present study, a circRNA microarray was first used to acquire circRNA expression profiles in AZD9291‐resistant NSCLC cells. In total, 15 504 circRNAs were significantly dysregulated circRNAs (FC ≥ 2.0; *P* \< 0.05), including 7966 upregulated and 7538 downregulated circRNAs. The upregulated circRNAs, hsa_circ_0043632 and hsa_circ_0043634, are spliced from KRT17, which is upregulated in highly metastatic cancer,[26](#tca13032-bib-0026){ref-type="ref"} and has been used as pathological diagnostic marker of breast cancer[27](#tca13032-bib-0027){ref-type="ref"} and skin squamous carcinoma.[28](#tca13032-bib-0028){ref-type="ref"} ANKRD1 overexpression, which splices hsa_circ_0019088, is associated with EMT features, anti‐apoptosis, and resistance to second and third‐generation EGFR‐TKIs in NSCLC.[29](#tca13032-bib-0029){ref-type="ref"} FXYD3, which splices hsa_circ_0050581 and hsa_circ_0050580, is overexpressed in several common cancers and may be a marker of resistance to cancer treatments.[30](#tca13032-bib-0030){ref-type="ref"} Silencing of FXYD3 in breast cancer cells amplifies the effects of doxorubicin and γ‐radiation on cell survival.[30](#tca13032-bib-0030){ref-type="ref"} AREG splices hsa_circ_0069997 and hsa_circ_0069996 and mediates the invasion, migration, stemness, and drug resistance of malignant tumors.[31](#tca13032-bib-0031){ref-type="ref"}, [32](#tca13032-bib-0032){ref-type="ref"} Hsa_circ_0023302 is spliced from MYEOV, which promotes the proliferation, invasion, and migration of colorectal cancer.[33](#tca13032-bib-0033){ref-type="ref"} However, controversy remains when applying the research results of drug‐resistant cell models to guide clinical application.[34](#tca13032-bib-0034){ref-type="ref"}, [35](#tca13032-bib-0035){ref-type="ref"} The differential expression in cancer cells may primarily reflect the response to drug treatment, and is not necessarily related to anticancer drug resistance.[34](#tca13032-bib-0034){ref-type="ref"} Therefore, the clinical relevance of drug‐resistant gene markers screened from drug‐resistant cell models needs to be further verified in clinical tissue samples.

Regarding the mechanism of circRNAs, circRNAs can interact with miRNAs and function as sponges to arrest miRNA in regulating gene expression through a circRNA‐miRNA‐mRNA pathway. Our results showed that the top upregulated hsa_circ_0043632 may act as sponge of miR‐6861‐3p, miR‐492, miR‐4743‐5p, miR‐6829‐3p, and miR‐6778‐3p. Among them, miR‐492 is reported to be involved in the cell proliferation, cell cycle, migration, overall survival, and chemotherapy resistance of several tumors, such as cervical squamous cell and hepatocellular carcinomas, and breast and colon cancers.[36](#tca13032-bib-0036){ref-type="ref"}, [37](#tca13032-bib-0037){ref-type="ref"}, [38](#tca13032-bib-0038){ref-type="ref"}, [39](#tca13032-bib-0039){ref-type="ref"} TIMP2, as a direct miR‐492 target,[36](#tca13032-bib-0036){ref-type="ref"} is critical for modulating cancer cell migration and invasion.[40](#tca13032-bib-0040){ref-type="ref"}, [41](#tca13032-bib-0041){ref-type="ref"} Further research needs to be carried out to verify whether hsa_circ_0043632 regulates the proliferation, migration, invasion, and AZD9291‐resistance of NSCLC through the hsa_circ_0043632/miR‐492/TIMP2 axis.

In the present study, we investigated the functions of dysregulated circRNAs through KEGG analyses. Among the pathways associated with the dysregulated circRNAs, the P53, mTOR, and focal adhesion signaling pathways have previously been demonstrated as pivotal pathways in cancer cells' response to the AZD9291‐resistance of NSCLC,[42](#tca13032-bib-0042){ref-type="ref"}, [43](#tca13032-bib-0043){ref-type="ref"}, [44](#tca13032-bib-0044){ref-type="ref"}, [45](#tca13032-bib-0045){ref-type="ref"} indicating that dysregulated circRNAs may be of great significance in cellular responses to drug resistance. Huang *et al.* revealed that the loss of p53 is consistently associated with acquired resistance to EGFR inhibitors, and restoration of p53 was sufficient to reverse EGFR inhibitor resistance.[42](#tca13032-bib-0042){ref-type="ref"} The mTOR pathway is widely involved in the regulation of cell proliferation, growth, apoptosis and other cell functions, and mTOR activation is often associated with tumor resistance, occurrence, and development in a variety of tumors.[46](#tca13032-bib-0046){ref-type="ref"} Research has shown that inhibition of the mTOR pathway could regulate tumor drug resistance through autophagy induction.[47](#tca13032-bib-0047){ref-type="ref"} Whether dysregulated circRNAs can regulate the proliferation, apoptosis, migration, invasion, autophagy, and AZD9291 resistance of NSCLC needs to be further investigated.

To the best of our knowledge, this is the first study to report the aberrant expression of circRNAs in drug resistance of NSCLC to AZD9291. Our results provide promising potential molecular targets for the therapy of NSCLC patients and provide a solid foundation and effective tool for molecular targeted drug therapy of NSCLC. Further research is required to determine the effects of dysregulated circRNAs on AZD9291‐resistant NSCLC.
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